Fe based oxides are considered as a promising catalyst for the oxygen evolution reaction (OER) due to their low cost and high stability. Here, based on density functional theory calculations, the electrocatalytic behaviors of pure and metal (Ni, Co) doped Fe-terminated Fe 2 O 3 (0001) are investigated. The potential-limiting step for OER is determined as the formation of O * by dehydrogenating surface hydroxyl and it is suggested that the doping enhances the catalytic activity of Fe 2 O 3 (0001) by reducing the free energy change of rate limiting step on doped Ni or Co atom. Especially, the calculated over-potential of Co-doped Fe 2 O 3 (0001) surface is about 0.63 eV on Co site, which is comparable with the theoretical over-potential of 0.56 eV for RuO 2 .
I. INTRODUCTION
Using solar energy to split water into oxygen and hydrogen in photoelectrochemical (PEC) cell is a promising technology pathway for sustainable energy production [1−6] . In PEC cell, water splitting can be performed via oxidation and reduction reaction. The oxidation of water, i.e. oxygen evolution reaction (OER), is of particular interest because it accounts for most of the over-potential to drive the four-electron process [7, 8] . For this purpose, the design of high performance catalyst for water oxidation has attracted great research attention in recent years. Various noble metals based catalysts, such as IrO 2 and RuO 2 [9−11] , have been investigated with high activities, but their less contents hinder their wide applications. Thus, it is highly desirable to explore materials with high OER activity by using earth-abundant elements [12−21] .
Hematite, α-Fe 2 O 3 , has been identified as a candidate material in PEC cell to capture sunlight and drive photoelectrochemical OER for its optimal band gap (2.1 eV to 2.2 eV), excellent chemical stability against corrosion, natural abundance, nontoxicity, and low cost [2, 22−42] . However, the high OER over-potential limits its application as PEC material, and a significant reduction of the over-potential is urgently needed. Strategies to enhance the photoelectrochemical OER have * Author to whom correspondence should be addressed. E-mail: xjwu@ustc.edu.cn been proposed, such as altering surface orientation, doping, and introducing defects. The photoelectrochemical OER is sensitive to the surface orientation of α-Fe 2 O 3 [34, 35] and massive theoretical contributions have focused on the hematite (0001) surface by using firstprinciples calculations. Previous work has shown that the over-potential of water oxidation on hematite (0001) surface can be reduced with oxygen vacancy compared to the defect free surface, which depends on the surface termination [28−33] . In addition, intensive efforts have been devoted to exploring the effect of doping on the water oxidation reaction on hematite (0001) surfaces, including the cation substitution of Fe with Ti, Mn, Co, Ni, and Pt, and anion substitution of O with F [36−42] . Among them, Co or Ni doping could reduce the over-potential up to 0.15 eV.
The hematite (0001) surface has two different stable surface morphologies, including a single Fe-layer (Fe-O 3 -Fe-R) and an O-layer (O 3 -Fe-Fe-R), where R is the layers in the bulk structure [23] . The hydroxylation of O-layer surface termination has been studied for water oxidation on pure and doped Fe 2 O 3 (0001) surfaces. In fact, various surface terminations exist in different experimental environment. In this work, we investigate the water oxidation on Fe-terminated Fe 2 O 3 (0001) surface with first-principles calculations. In particular, an enhanced OER activity is obtained by doping Feterminated hematite (0001) surface with Ni or Co atom.
II. COMPUTATIONAL DETAILS
All calculations were performed with spin-polarized density functional theory (DFT) implemented in the Vienna ab initio simulation package [43] . The projected augmented wave (PAW) pseudopotential is adopted to describe the core-electron interaction. Perdew-BurkeEnzerhof [44] functional is used to calculate the interaction between electrons. Due to the localized d-shell electrons, we take the effects of electron correlation into account within the GGA+U method by Dudarev et al. [45] . The value of effective U of Fe was set as 4.3 eV, which obtained a lot of result consistent with experiments [46] and theoretical study [47] and the effective U for Ni and Co were also set as 4.3 eV.
As shown in FIG. 1 , Fe-terminated Fe 2 O 3 (001) surface was simulated with eight-layer slabs and 15Å of vacuum layer. The top four layers are relaxed and the bottom four layers are fixed at their bulk positions. Dipole corrections were adopted to eliminate the artificial electric field between two surfaces. The relaxations were carried out until the residual force on each atom is less than 0.05 eV/Å. To simulate the oxidation process a supercell with (2×2) unit cell is used and one of the four out-most Fe atoms is replaced by Ni or Co atom. 5×5×1 k-points mesh and a plane-wave cutoff of 400 eV ensured convergence of the adsorption energies within 0.05 eV. The energies of gas-phase molecules (H 2 , H 2 O) were calculated in boxes of 15Å×15Å×15Å with one gamma point.
Water oxidation process is usually described as the following four-steps:
Here, * represents the active site. In reaction (1), one water molecule dissociates to an adsorbed hydroxyl (HO * ) and one proton-electron pair. In reaction (2), the formed HO * dissociates to an adsorbed oxygen atom (O * ) and proton-electron pair. In reaction (3), the adsorbed oxygen atom (O * ) reacts with the second water molecule to form HOO * and one proton-electron pair. In the last step (4), the adsorbed HOO * dissociates into one oxygen molecule and one proton-electron pair and the active site is recovered after molecular oxygen is released.
To calculate the energy of solvated protons and electrons, computational hydrogen electrode [48] (CHE) method was adopted. According to the standard hydrogen electrode (U =0 V, pH=0, p=1 bar, and T =298 K), the free energy of one proton-electron pair is equal to the energy of 1/2H 2 at U =0 V vs. SHE. by DFT calculations. Then, the free energies are calculated as:
where E DFT and ZPE are the total and zero-point energies, and TS are entropic contributions (only taken into account for gas-phase species). The ZPE corrections were calculated by DFT.
III. RESULTS
At first, pure and Ni ( 
The calculated adsorption energies of species on pure, Ni, or Co-doped Fe 2 O 3 (0001) surfaces, as well as the bond length of oxygen-metal are summarized in Table I (HO * ⇐⇒O * +H + +e − ) with the highest reaction free energy (∆G 2 ) is potential-limiting step. The overpotential is calculated as η OER =∆G 2 −1.23 V, which is looked as a descriptor of the electrocatalytic activity of the material toward water oxidation reaction.
On pure Fe 2 O 3 (0001) surface, the largest free energy reaction value is ∆G 2 =2.14 eV and the over-potential is calculated as 0.91 V. The calculated over-potential is , the reaction free energy are calculated as 1.27 and 0.33 eV, respectively. Thus the step of the formation of O * is the free energy limiting step of the whole OER process and the over-potential is calculated as η OER =0.74 V, which is 0.17 V lower than that on pure Fe 2 O 3 (0001). Thus the doped Ni site on Fe 2 O 3 (0001) surface is more active than Fe site on pure and doped Fe 2 O 3 (0001) surface. The over-potential is still apparently higher than that of RuO 2 and IrO 2 (0.37 and 0.56 eV, respectively) [49] .
Upon on the Co-Co/Fe 2 O 3 site, the reaction free energy of the formation of HO * is 1.21 eV, which is 0.62 eV higher than that on Fe-Fe 2 O 3 . While, for the dissociation of HO * , the reaction free energy is greatly decreased to 1.86 eV, which is 0.28 eV lower than the FeFe 2 O 3 site and 0.11 eV lower than Ni-Ni/Fe 2 O 3 site. For the formation of HOO * and O 2 , the reaction free energy are calculated as 1.53 and 0.32 eV, respectively. The reaction free energy of the formation of HOO * increased 0.20 eV relative to that on Fe-Fe 2 O 3 . The reaction free energy of the formation of O 2 on Co-Co/Fe 2 O 3 is comparable with that on Ni-Ni/Fe 2 O 3 , and about 0.50 eV lower than that on Fe sites on pure and doped Fe 2 O 3 (0001). Thus, the free energy limiting step on Co site is also the formation of O * and the over-potential is calculated as 0.63 V which is comparable with that of 0.56 V on IrO 2 . Thus, it is expected on Fe-terminated Fe 2 O 3 (0001) surface, the dopant of Co can act as the active center of water oxidation at relatively lower overpotential.
IV. DISCUSSION
On Fe site, the reaction free energy of the formation of O * is greatly higher than that of the formation of HO * and HOO * , which makes the high over-potential of the whole OER process. While, on Ni-Ni/Fe 2 O 3 and especially Co-Co/Fe 2 O 3 site, the reaction free energy of this step is lowered and that of the formation of HO * and HOO * is raised. That is the over-potential needed for each elementary step becomes more averaged for the first three steps and the overall over-potential is lowered. 
V. CONCLUSION
On the basis of first-principles calculations, the catalytic activities of water oxidation on Fe-terminated Fe 2 O 3 (0001) surface with and without doping atoms are investigated. Pure Fe-terminated Fe 2 O 3 (0001) surface is active for water dissociation to HO * , but the overall over-potential is as high as 0.92 V. On doped Ni atom, the over-potential of the whole OER process is reduced to 0.74 V. And on doped Co atom, the overpotential is further reduced to 0.63 V, which is almost comparable with that on IrO 2 (0.56 V) [49] . The enhancement of OER activity results from the optimal charge state of Co atom on Co/Fe 2 O 3 (0001) surface. The calculated over-potential of OER process is a little higher than that on full hydroxylated O-terminated Fe 2 O 3 (0001) surface [22] . It is also possible that HO * stay on Fe, Ni, Co site, and the second water oxidation proceeds on hydroxylated surface or the oxidation performs via dual site mechanism [50] , which will be studied in our further work.
